Charge transfer kinetics at the Li metal electrode/electrolyte interface for three inorganic solid electrolytes and an organic liquid electrolyte were elucidated with two parameters, exchange current density (i 0 ) for Li/Li + couple reactions and ionic conductivity in electrolyte. The former was evaluated by potential step method with a microelectrode, while the latter was done by electrochemical impedance spectroscopy. Both i 0 and ionic conductivity showed Arrhenius type dependence, and activation energies (E a ) for the charge transfer reactions and ionic conduction were evaluated. In the case of the organic liquid electrolyte, E a for the Li/Li + couple reactions was higher than that for ionic conduction because of the solvation/desolvation of Li + ion. However, for the Li 2 S-P 2 S 5 solid solid electrolytes, the E a for the Li/Li + couple reactions was quite close to that for ionic conduction due to the lack of the solvation/desolvation.
Introduction
Li-ion batteries are widely used as energy storage devices for small electronic equipment like laptop computers, mobile phones, digital cameras etc. In recent years Li-ion batteries have also been regarded as promising high power energy sources for electric vehicle (EV) applications. However, energy density of commercial Li-ion batteries is insufficient for a long drive without recharging the batteries. So the energy density of Li-ion batteries has to be increased for extending no-charging mileage of EVs to that of conventional gasoline-powered vehicles. For this purpose the research and development on new negative electrode active materials for Li-ion batteries have been done. 1, 2 Li metal is an essential negative electrode active material to realize the highest energy density battery. However, dendritic growth of Li metal during charge-discharge cycling is a serious drawback because it causes internal short circuit, followed by overheating, bursting into flames, and at worst deadly exploding.
Several researchers propose the construction of Li secondary batteries with solid electrolytes to suppress the dendritic growth of Li metal. 35 Polymer electrolytes are historical solid electrolytes for Li secondary batteries. 6, 7 Recently, some inorganic sulfides have been reported as highly conductive Li-ion conductors. 8, 9 Hayashi et al. found that Li 2 S-P 2 S 5 glassy solid electrolytes showed high ionic conductivity comparable to liquid electrolytes. 10, 11 Furthermore, the Li 2 S-P 2 S 5 solid electrolytes are so soft and flexible that a closer contact interface between an electrode and solid electrolyte without any voids or cracks is formed by hot pressing technique, 12 which is quite different from the oxide solid electrolyte/electrode interphase.
In this study, we electrochemically evaluated charge transfer kinetics at the interface between the Li metal negative electrode and Li 2 S-P 2 S 5 solid electrolyte, which has been hardly investigated so far. Potential step technique using a microelectrode has been applied to investigate the electrode/organic liquid electrolyte interface. 1315 The microelectrode can realize steady-state current for Li/Li + couple reactions without using a rotating disk electrode or stirring electrolyte solution. The microelectrode technique must be useful for solid electrolyte because the rotating disk electrode technique cannot be applied to the solid electrolyte. We evaluated exchange current density (i 0 ) for the Li/Li + couple reactions in various Li 2 S-P 2 S 5 solid electrolytes at various temperatures by the potential step technique, and then Gibbs activation energy (E a ) for the charge transfer reaction on the basis of the Arrhenius plot of i 0 .
Experimental

Preparation of Li 2 S-P 2 S 5 solid electrolytes
Three kinds of Li 2 S-P 2 S 5 solid electrolyte powders were prepared with Li 2 S (99.9% Idemitsu Kosan) and P 2 S 5 (99% Aldrich) powders by mechanical milling technique. The starting materials with 1.0 g in total mass were put into a 45 mL zirconia pot containing 500 zirconia balls with 4 mm in diameter. The mole ratio of Li 2 S to P 2 S 5 (Li 2 S/P 2 S 5 ) was 75/25, 70/30, and 67/33. The mechanical milling was performed with a planetary ball-mill apparatus (Fritsch, Model Pulverisette 7). The milling speed and period of time were 510 rpm and 12 h for the Li 2 S/P 2 S 5 ratios of 75/25 and 70/30, and 230 rpm and 7 h for the Li 2 S/P 2 S 5 ratio of 67/33. The resultant Li 2 S-P 2 S 5 solid electrolytes were named Li 2 S(75)-P 2 S 5 (25), Li 2 S(70)-P 2 S 5 (30), and Li 2 S(67)-P 2 S 5 (33), respectively.
Electrochemical measurements
A laboratory-made electrochemical cell used for electrochemical measurements with solid electrolytes is shown in Fig. 1(a) . A microelectrode was made by embedding a nickel wire (50 µm in diameter) into a mold made from a poly ether ether ketone (PEEK), poly(oxy-l,4-phenyleneoxy-l,4-phenylene-carbonyl-l,4-phenylene) with epoxy resin. An edge of the microelectrode was polished with #2000 emery paper and then 0.3 µm alumina paste. Each solid electrolyte powder was pelletized by pressing at 20 MPa for 5 min and the solid electrolyte pellet was sandwiched with the Ni microelectrode as working electrode and Li metal sheet attached stainless steel current collector as counter and reference electrodes. For electrochemical measurements with liquid electrolyte, a laboratory-made sealed glass cell using a two-necked flask was used. Ethylene carbonate (EC) + diethylcarbonate (DEC) (1:1) solution containing 1 M LiPF 6 (Tomiyama Pure Chemical Industries, Ltd.) was used for liquid electrolyte solution. A glass embedded Ni microelectrode was used as the working electrode.
In the potential step method, Li metal was initially deposited on the Ni microelectrode at ¹150 mV vs. Li/Li + for 15 s. After that, the potential of the Li-deposited Ni microelectrode was stepped by +10 mV from ¹150 mV vs. Li/Li + and held for 2 s. This was repeated until the electrode potential reached +150 mV. Faradaic current after 2 s for each potential step was measured and used to calculate the i 0 . All electrochemical measurements were performed with SI1287 potentiostat and SI1260 impedance analyzer (Solartron). Temperature was controlled with environmental test chambers (Espec SH-240).
To evaluate ionic conductivity of the solid and liquid electrolytes, electrochemical impedance spectroscopy was used. A pair of stainless steel electrodes were used for solid electrolytes while a pair of Pt black electrodes were used for liquid electrolyte. 
Results and Discussion
The currents for the deposition and dissolution of Li metal were clearly observed at around 0 V vs. Li/Li + . The oxidation current due to Li metal dissolution was linearly increased with electrode potential and drastically decreased with triangular shaped voltammogram. In addition, the quantity of electricity for Li metal dissolution was about half of that for Li metal deposition on microelectrode. This suggests that a decrease in volume of the deposited Li metal made dead space at the interface between the Li metal and solid electrolyte. So the faradaic currents for the Li/Li + couple reactions should be controlled in order to keep the connection between deposited Li metal and solid electrolyte during electrochemical experiments. Thus we optimized the amount of Li metal which was initially deposited on the microelectrode, and as a result Li metal was initially deposited at ¹150 mV for 15 s.
To evaluate i 0 , the faradaic current (i) measured at each overpotential (©) by the potential step method was inserted into the Allen-Hickling equation [Eq. (1)]. 13 ln i
where F is the Faraday constant, R is the gas constant, T is absolute temperature, © is the over potential, and A is transfer coefficient. Figure 2 (a) shows Allen-Hickling plots for the Li 2 S(75)-P 2 S 5 (25) solid electrolyte at various temperatures. All plots exhibited a linear relationship in the overpotential range of ¹80 to +80 mV. i 0 was evaluated from the y-intercept of each plot and replotted against the reciprocal of absolute temperature to calculate the E a for the Li + /Li couple reactions using the following equation.
where A is frequency factor. The Arrhenius plots of i 0 for three Li 2 S-P 2 S 5 solid electrolytes and EC + DEC (1:1) solution containing 1 M LiPF 6 are shown in Fig. 2(b) . The ionic conductivity for three Li 2 S-P 2 S 5 solid electrolytes and the liquid electrolyte was measured by electrochemical impedance method. At 25°C, the ionic conductivity of three inorganic solid electrolytes was 2. 10 which was quite close to our data. Electrochemistry, 80(10), 740742 (2012)
The ionic conductivity for three Li 2 S-P 2 S 5 solid electrolytes and the liquid electrolyte was measured at various temperatures and plotted against the reciprocal of absolute temperature to calculate the E a for ionic conduction. Figure 3 shows the E a for the Li/Li + couple reactions and ionic conduction of the Li 2 S(x)-P 2 S 5 (1 ¹ x) (x = 75, 70, 67) solid electrolytes and the liquid electrolyte. For the liquid electrolyte, the E a for Li/Li + couple reactions is much higher than that for ionic conduction. In general, metal deposition in liquid electrolytes contains electron transfer from an electrode to metal ion and the following desolvation or solvent reorganization. Abe et al. 16 and Uchimoto et al. 17 suggested that Li/Li + couple reactions at the electrode/electrolyte interface in various organic electrolyte soutions had high activation barrier which was strongly influenced by the solvation and desolvation of Li ions. These strongly suggest that for the Li deposition in the present liquid electrolyte the desolvation step after electron transfer from the electrode to Li + ion is rate-determining. On the other hand, for the Li 2 S(x)-P 2 S 5 (1 ¹ x) (x = 75, 70, 67) solid electrolytes the E a for Li/Li + couple reactions was quite close to that for ionic conduction irrespective of composition. Since Li + ions in the Li 2 S(x)-P 2 S 5 (1 ¹ x) (x = 75, 70, 67) solid electrolytes are not solvated, the lacking of the desolvation step must cause such a small difference in E a between Li/Li + couple reactions and ionic conduction.
It has been reported that the lithium secondary batteries using solid electrolytes like Li 7 La 3 Zr 2 O 12 did not show high rate capability due to a poor contact between electrode and solid electrolyte. 3 However, in this study the charge transfer reactions at the electrode/ Li 2 S-P 2 S 5 solid electrolyte interface show much lower E a than that at the electrode/liquid electrolyte interface irrespective of composition. Additionally, i 0 for the Li 2 S(75)-P 2 S 5 (25) electrolyte was ten times higher than that in the liquid electrolyte at 25°C. The contact area at the electrode/solid electrolyte interface should be lower than that at the electrode/liquid electrolyte interface. Neverthless, the Li 2 S(75)-P 2 S 5 (25) solid electrolyte can form an electrode/solid electrolyte interface which is tolerant of high-rate charging and discharging.
Conclusions
The E a values for Li/Li + couple reactions and Li + conduction in three Li 2 S-P 2 S 5 solid electrolytes and a liquid electrolyte were evaluated by the potential step technique with a microelectrode. For the liquid electrolyte the E a for Li/Li + couple reactions was much higher than that for ionic conduction, suggesting that the desolvation step was rate-determining. On the other hand, for the Li 2 S-P 2 S 5 solid electrolytes the E a for Li/Li + couple reactions was decreased compared to the liquid electrolyte and was comparable to that in the ionic conduction due to the lacking of desolvation step in the Li/Li + couple reaction. In addition, the i 0 for the Li 2 S(75)-P 2 S 5 (25) solid electrolyte was showed about ten times higher than that for the liquid electrolyte, suggesting that it can form an electrode/solid electrolyte interface which was tolerant of high-rate charging and discharging. Electrochemistry, 80(10), 740742 (2012) 
